The pebble shape is a critical factor that affects the bearing characteristics of truck escape ramps. In this paper, a reconstruction method was proposed for randomly shaped pebbles used in truck escape ramps, and statistical analysis was conducted on the results of pebble compression tests. First, 100 pebble samples were randomly selected, and the pebble outlines were fitted in three views. The overlapping method was implemented to fill the three views with ball elements, and the ball elements were then extended into three-dimensions. The results demonstrated that the proposed method satisfactorily monitored the real pebble shapes. Second, statistical analyses were conducted on the parameters of the outlines, and corresponding data sets were built. The key parameters of the pebble DEM model, such as the friction coefficient, were calibrated based on the compression test results, and repeated simulation results verified the feasibility of the proposed pebble DEM model. Next, statistical analysis was conducted on the probability distribution of the contact forces. Third, simulations were conducted with different pressing plate velocities and pebble shapes. The results indicated that the pressing plate velocities had minor effects on the contact forces. As the pressing plate velocity increased, the slope of the contact forces correspondingly increased. The particle shape was a critical factor affecting the simulation results. With the same contact parameters, the simulation results of different pebble shapes varied greatly, which further indicated the importance of the proposed pebble shape reconstruction method. The proposed pebble DEM model could be further used in the design of truck escape ramps.
I. INTRODUCTION
Previous studies on truck escape ramps have mainly focused on the following aspects: (1) vehicle conditions, such as truck velocity and break-drum temperature predications [1] ; (2) affiliated facilities, such as the approach length [2] and setting locations [3] ; and (3) experimental arrester bed tests [4] and alternative arresting systems [5] . However, few studies have been conducted on the shape reconstruction method and contact mechanism of the pebbles in truck escape ramps.
Currently, the discrete element method (DEM) has been rapidly developed for the analysis of discrete elements. The DEM separates an object into ''ball'' or ''wall'' elements.
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Through a preset force-displacement contact algorithm, the contact and movement mechanisms of the elements can be calculated. To date, the DEM has been used in various aspects, such as structural geology [6] - [8] , interdisciplinary fields [9] , [10] , geotechnical engineering [11] , [12] and mechanical engineering [13] , [14] . The DEM is an appropriate method for simulating the contact mechanism of the pebbles used in arrester beds. In the DEM, the particle shape reconstruction method is a key issue, and this method mainly consists of the following aspects [15] :
First is the ball element construction method, which selects the basic ball elements as the experimental objects. Liu et al. [16] performed 2D DEM analysis of granular soil shear tests, in which the soils were simulated with randomsized ball elements. Hanley et al. [17] analysed energy VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ dissipation in soil samples during triaxial shearing, wherein the particle size distribution was established based on sieving measurements of Dunkirk sand. Flores-Johnson et al. [18] performed finite element method (FEM)-DEM simulations and experimental investigations on the dynamic behaviour of partially saturated sand. Wang et al. [19] investigated the critical state of wet granular materials through a series of DEM simulations. The advantages of the ball element construction method lie in its computing efficiency. However, most pebbles used in truck escape ramps are oval and flat, and ignoring these factors may cause large deviations between the simulated and actual conditions. Second is the DEM element shape construction method. This method redesigns the shape of the basic elements. Seelen et al. [20] proposed a construction method for arbitrary convex particles. The simulated shapes include non-spherical particles with different aspect ratio cuboids, cylinders, and ellipsoids. Zhang et al. [21] constructed polyellipsoidal particles and proposed a new contact algorithm for the DEM. Yan and Regueiro [22] performed dynamic and static simulations with six different shapes in the DEM. The DEM basic element shape construction method could reduce the computational amount and maintain good calculation accuracy. However, it is difficult to reconstruct the randomly shaped pebbles used in truck escape ramps; moreover, with different particle shapes, the contact judgement and the displacement-force contact algorithm should be redesigned.
Third is the construction method with connected ball elements. Fu et al. [23] modelled crushable sands with realistic particle shapes. During the simulation process, the morphologies of sand particles were first obtained via X-ray microscopic tomography scanning. Then, crushable agglomerates with realistic particle shapes were generated in DEM simulations. Similarly, Wang et al. [24] performed singleparticle crushing tests for ballast stones with three typical stones. Miao et al. [25] simulated shear tests with two typical miniature-overlapped particles: tri-ball and quad-ball particles. Lu et al. [26] proposed a systematic approach that integrated computational geometry to simulate gravel grains with different angularity and aspect ratios. Xu et al. [27] performed shear test simulations based on ten typical gravel images from STL files. Similarly, Zhou et al. [28] simulated randomly shaped coal particles based on STL files obtained with a scanner. The advantages of this method lie in the particle shape accuracy, and the coordinates of the ball elements were comparatively easy to calculate. However, the particle shape accuracy is related to the ball element numbers, which greatly affects the computing efficiency. In addition, the inlet of the ball elements may influence the simulation results.
Fourth is the overlapping method, wherein, an overlapping approach is used to construct particle shapes with ball elements. Khanal et al. [29] investigated the particle shape effect on the force-displacement behaviour of sand particles filled in a rectangular container with clumps of 1-4 ball elements. Similarly, Falagush et al. [30] simulated cone penetration tests with (a) single spheres, (b) clumps with two equivalent volume spheres, (c) clumps with two different volume spheres and (d) clumps with two connected equivalent volume spheres. Hanaor et al. [31] discussed three methods for the simulation of realistic granular materials for application in 3D printing of standardized surrogate geomaterials. Gao and Meguid [32] proposed an approach to creating particles on the construction of a triangular mesh that traces the actual geometry of a typical crushed limestone particle. Zhao et al. [14] simulated truck tyres rolling onto arrester beds with three typical pebble shapes. Alizadeh et al. [33] analysed the effect of particle shape on predicting segregation in binary powder mixtures. During the simulation process, the clumps were generated with automatic sphere-clump generator software. Ma et al. [34] investigated realistic shaped particle-fluid interactions. First, the morphology of particles was generated via micro X-ray computed tomography. Second, the micro-morphology of the particles was reconstructed in three dimensions with overlapping spheres. Coetzee [35] used two methods to create rock particles: (a) a manual process and (b) clump particle generation in ASG3D. Liu et al. [15] proposed a pebble shape construction method for irregularly shaped pebbles and selected compression tests to calibrate the pebble DEM model parameters. Compared with the particle shape construction method with connected ball elements, the overlapping method greatly decreases the computing amount. However, the calculation method for the ball element coordinates is a critical factor that should be capable of reducing the ball element numbers and ensuring the particle shape accuracy.
Currently, the construction method for randomly shaped pebbles and the corresponding pebble DEM model contact algorithm are not well recorded. To reduce computing amount and maintain a good shape of the pebbles used in a truck escape ramp, this paper proposed a three-dimensional pebble shape reconstruction method based on the data measured from outlines of 100 pebble samples. Considering that the rigid pebbles were independent of one another, this paper selected the elastic linear contact model as the pebble DEM model contact algorithm, and compression tests were used to calibrate the key parameters of the pebble DEM model. Next, compression tests with different pressing plate velocities and pebble shapes were simulated, and the results were used to verify the pebble shape effect. The built pebble DEM model could be further used in the tyre-pebble contact mechanism analysis and truck escape ramp design. 
II. PEBBLE SHAPE RECONSTRUCTION METHOD A. TESTED PEBBLES
The tested pebbles were obtained from a truck escape ramp located on K209 + 400 Road, Gansu Province, China (Fig. 1 ). The pebble shape characteristics can be summarized as follows (1) the basic shapes of the pebbles were oval and flat;
(2) the pebble diameters varied over a certain range; (3) aside from the fracture pebbles with sharp corners, most of the pebble edges were round; (4) the surface of the pebbles was relatively smooth; and (5) the surface smoothness and density of the pebbles were roughly the same.
One hundred pebbles were randomly selected, and photographs of the pebbles were taken from three views: the top view, the main view, and the left view. First, the X-axis in the top view was set as the maximum length, and the Y-axis was set as the corresponding vertical maximum length. Next, the corresponding main view and left view were determined. The pebble length, width, and height were measured with a Vernier caliper, and the pebble size distributions are shown in Fig. 2 .
The results show that the pebble lengths, widths, and heights ranged from 7.77-29.17 mm, 6.61-22.20 mm and 2.81-12.70 mm, respectively; the corresponding average lengths, widths, and heights were 15.98 mm, 11.82 mm, and 6.77 mm, respectively.
B. PEBBLE SHAPE CONSTRUCTION METHOD
Based on the pebble shape construction method proposed by Liu et al. [15] , an optimized pebble shape reconstruction method was proposed. A pebble was randomly selected, and the pebble shape reconstruction method can be described as follows. (1) The X-axes of the three views were divided into equal spaces with a group of vertical lines ( Fig. 3(a) ).
(2) The lengths of the vertical lines were measured with a Vernier caliper, and the data were imported into MATLAB ( Fig. 3(b) ). Next, the pebble maximum length was expanded to 100. (3) Based on the data collected from the three views, the outlines of the pebbles were fitted, and the equation is illustrated in Eq. 1.
where x i is the recorded abscissa and a 1 -a 7 are the parameters that need to be calculated. The purpose of the proposed method is to obtain the limit value of I as follows:
where m is the number of points and y i is the measured ordinate value corresponding to x i in Eq. 1.
To obtain the limit value of I , the partial values of the parameters of a 1 -a 7 were set to zero as follows:
The parameters of the upper and lower curves in the three views were calculated, and the results are shown in Tab. 1. The fitting results are shown in Fig. 3 
(c).
In this study, the basic elements were ball elements. Based on the outlines of the pebbles, ball elements were filled into the three views. First, the X-axes of the three views were divided into equal lengths, and the corresponding abscissas were recorded. Based on Eq. 1 and the parameters calculated in Tab. 1, the corresponding ordinates in the upper and lower curves were calculated. Next, the diameters and the ordinates of the ball elements were calculated.
where y 1 and y 2 are the ordinates in the upper and lower curve, respectively; r is the diameter of the ball elements; and y is the ordinate of the ball elements.
The results are shown in Fig. 4 . Based on the abscissas in the main view and the radiuses and coordinates of the ball elements in the left view, the ball elements were extended into three dimensions. The Y-axis and Z-axis coordinates were the abscissas and ordinates in the left view ( Fig. 4(b) ), and the X-axis coordinates were the abscissas in the main view ( Fig. 4(a) ). The results are shown in Fig. 5(a) . Based on the outlines in the main view, the diameters and Z-axis coordinates of the ball elements in Fig. 5 (a) were amended according to Eq. 6 and Eq. 7, and the results are shown in Fig. 5(b) . Similarly, the diameters and Y-axis coordinates were amended according to the outlines in the top view. The results are shown in Fig. 5 (c).
where z up is the value calculated by Eq. 1 of the upper curve; and z down is the value calculated by Eq. 1 of the lower curve.
The results indicate that the proposed construction method accurately monitors the pebble shapes ( Fig. 5(d) ).
The computing time is determined by the number of ball elements. In this paper, the ball element numbers were determined by the circle numbers in the main view and left view. First, the circle numbers in the main view were preset, which directly affects the accuracy of the smoothness of the proposed DEM model. Second, the circle numbers in the left view were calculated with Eq. 8. With preset circle numbers in the main and left view, the pebble DEM model was constructed, and Fig. 6 demonstrates the results with circle numbers in the main view set to 3, 13, and 23.
where ''ceil(x)'' is the function used to calculate the integer, which is set as the large value of x; l is the pebble length and w is the pebble width.
The construction results show that with increasing circle numbers in the main view, the pebble shape accuracy and smoothness correspondingly increase. During the simulation process, the pebble DEM shape accuracy and the computing time should both be taken into consideration.
C. PEBBLE SHAPE RECONSTRUCTION METHOD
A pebble shape reconstruction method was proposed based on the data distribution of the parameters, and the process can be summarized as follows. First, as described in previous chapters, outlines of 100 pebbles were fitted with Eq. 1, and the parameters were recorded. Second, statistical analyses were conducted on the parameters, and a histogram of the distribution ratio was calculated. Based on the histogram, a ninth-order polynomial fit was selected, and the equation is shown as follows:
where b 1 − b 9 are the parameters that need to be calculated. The polynomial fitting of the 42 coefficients was carried out. Taking the upper curve in the main view as an example, the parameters of b 1 − b 9 are calculated, as shown in Tab. 2. The parameters of a 1 -a 7 were fitted. Considering it is impossible to have negative values in the probability density fitting results, the negative values were deleted and the and the results are shown in Fig. 7 (a)-(g).
The results demonstrate that the ninth-order polynomial had good fitting effects in the prediction of the seven parameters.
A database was built that consists of 100000 values of the parameters. The distribution of the values is consistent with the fitting results in Fig. 7 , and the results are shown in Fig. 8 .
Based on the database, the parameters a 1 -a 7 could be randomly selected, and the corresponding three views were reconstructed. In the construction process, the lengths of the ordinates in the upper and lower curves should not be larger than 50, which makes the lengths larger than the heights of the three views. In addition, considering the computing time, the pebble DEM model was simplified by reducing the ball element numbers.
In this paper, 12 pebble DEM models were randomly reconstructed. The built pebble DEM models are shown in Fig. 9(a) , and the corresponding simplified models are shown in Fig. 9 (b).
III. PEBBLE DEM MODEL CONTACT ALGORITHM
The DEM was first introduced by Cundall [36] for solving rock-mechanics problems. The DEM is an appropriate method to analyse the movement and contact mechanics of rigid discrete pebbles. The pebble DEM model contact algorithm is described as follows [14] , [37] , [38] .
The DEM separates an object into basic ''ball elements'' or ''wall elements,'' and the corresponding contacts are determined as ''ball-ball'' or ''ball-wall.'' The contact plane is described in Fig. 10 and Eqs. 10-15.
where x 1 , x 2 , and x 4 are the centre points of the ball elements, x 3 and x 5 are the centre points between ''ball-ball'' or ''ballwall'', x 6 is the point on the wall element that is nearest to the centre of the ball element, c 1 and c 2 are the distance between the surface of the elements, and n and n c are the unit vectors between the centre of the contacted elements. During the simulation process, the contact judgments were first determined as follows:
where g c is the preset minimum value of the elements. If g s ≤ 0, the elements were judged as contacted and vice versa. If the elements were judged as contacted, then a force-displacement law based on Newton's second law was applied to the contacted elements. For rigid pebbles, this paper selected the elastic linear contact model [37] as the basic contact model of the pebbles. The model is widely used to simulate the contact mechanics and movements of rigid particles [39] , [40] .
In the elastic linear contact model, the contact forces are resolved into linear and dashpot components, and the contact force consists of friction and linear elastic contact components. The friction contact component is determined by the friction coefficient f s . The linear elastic contact component consists of normal and shear elastic forces, which are determined by the parameters of k n and k s , respectively. Similarly, the dashpot contact component is separated into normal and shear contact forces, which are determined by the parameters of c n and c s , respectively. The elastic contact model is described in Fig. 11 . The force-displacement law of the linear elastic contact model consists of the following components.
A. LINEAR COMPONENTS 1) LINEAR ELASTIC NORMAL CONTACT FORCE
The linear elastic normal contact force is calculated as follows:
where k n is the normal contact stiffness and k n = k n1 k n2 k n1 +k n2 , where k n1 and k n2 are the normal stiffness of the contacted elements. The normal contact force is nonzero only when the elements were judged as contacted.
2) LINEAR SHEAR CONTACT FORCE
The linear shear contact force consists of the linear elastic force and the friction force.
If the elements were judged as contacted, the linear shear contact force is described as follows:
where (F l s ) 0 is the linear shear contact force at the beginning of the time step; k s is the shear contact stiffness, where k s = k s1 k s2 k s1 +k s2 , in which k s1 and k s2 are the shear stiffness of the contacted elements; and δ s is the incremental sheardisplacement.
The friction force is described as follows:
where µ is the minor friction coefficient of the contacted elements.
If the pebbles were judged as contacted, the pebbles are affected by the linear elastic force. With an increase in the incremental shear-displacement, the linear shear elastic force correspondingly increases. If the linear elastic force is larger than the friction force, then, the linear elastic force is set to zero, and the pebbles are affected by the friction force. The linear shear contact force F l s is described as follows: 
B. DASHPOT COMPONENTS 1) DASHPOT NORMAL FORCE
The dashpot normal force is described as follows:
where m c is the computed mass of the body, where
in which m (1) and m (2) are the masses of the contacted elements, andδ n is the relative normal translational velocity.
2) DASHPOT SHEAR FORCE
The dashpot shear force is described as follows:
whereδ s is the relative shear translational velocity.
3) LOCAL DAMPING
The local damping is used to restrict the relative motion of the contacted elements, and the damped equations are described as follows: where F i is the generalized force, F d i is the damping force, M i is the mass, and A i is the acceleration component.
where α is the damping coefficient, and v i is the generalized velocity.
IV. PEBBLE DEM MODEL PARAMETERS
In the DEM, some of the DEM parameters could not be directly tested with experiments. In this paper, dynamic compression tests [14] , [15] were carried out to calibrate the key parameters of the pebble DEM model.
A. DYNAMIC COMPRESSION TESTS OF THE RANDOMLY SHAPED PEBBLES USED IN A TRUCK ESCAPE RAMP 1) MATERIALS
The tested pebbles were obtained from a truck escape ramp located on K209 + 400 Road, Gansu Province, China (Fig.  1) . The pebble sizes were measured from 7.77-29.17 mm, and the average pebble size was 15.98 mm. A box was selected as the pebble container, and the box size was 0.343 m × 0.236 m × 0.1635 m. The testing machine is shown in Fig. 12 . The machine consists of a tension part and a compression part. This paper uses the compression part to calibrate the pebble DEM parameters. The compression part consists of a control centre, a force sensor, an upper pressing plate, a displacement sensor (inside the column), and a lower pressing plate. 
2) TESTING PROCESS
The testing process is described as follows. First, the pebbles were poured into the container, and the laying thickness was preset to 0.0885 m. Second, the container was placed in the middle of the lower pressing plate. The upper pressing plate was moved close to the pebble surface with a relatively fast preset speed ( Fig. 13(a) ). Third, the upper pressing plate started to press into the pebbles with a preset speed of 200 mm/min. In the pressing process, the signals from the displacement and contact forces of the pressing plate were recorded. Fourth, after the plate reached the preset pressing depth, the upper pressing plate was removed from the pebbles, and the pebbles were poured out of the container. The dynamic compression test process is shown in Fig. 13 .
3) DYNAMIC COMPRESSION TEST RESULTS
First, repeated tests were conducted. During the tests, the laying thickness of the pebbles was set to 0.0885 m, and the pressing plate velocity was set to 200 mm/min. The testing results are shown in Fig. 14. The results show that with an increase in the displacement, the contact forces on the pressing plate simultaneously increased. Within 10.17% strain, the contact forces can be divided into two stages. The first stage is from 0%-2.82% strain, wherein the contact forces increase to approximately 180 N. The second stage is from 2.82%-10.17% strain, wherein the contact forces increase linearly to approximately 1800 N. The results indicate that during the first stage, the pressing plate starts to press into the pebbles, and the contact force is mainly determined by the contact area. As the pressing plate displacement increases, the contact area and the contact forces on the pressing plate simultaneously increase. During the second stage, the contact area on the pressing plate does not vary much, and the contact forces are mainly determined by the compactness of the pebbles under the pressing plate. As the pressing plate displacement increases, the contact forces increase much more sharply than those in the first stage.
Second, dynamic compression tests were conducted with different laying thicknesses l and pressing plate velocities v. During the tests, the laying thicknesses of the pebbles were set to 0.0885 m and 0.1155 m, and the pressing plate velocities were set to 100 mm/min and 200 mm/min. The testing results are shown in Fig. 15 .
The results show that within 10.17% strain, the contact forces can be divided into two stages. The first stage is from 0%-2.82% strain, wherein the contact forces increased to approximately 180 N. The second stage is from 2.82%-10.17% strain, wherein the contact forces increase to 1053 N, 827.5 N and 1718 N. The results of different laying thicknesses indicate that with an increase in the laying thickness, the slope of the contact forces decreases, and the smoothness of the curves simultaneously increases. The results of different pressing plate velocities indicate that with a decrease in pressing plate velocity, the slope of the contact forces decreases, and the smoothness of the curves simultaneously increases.
The results indicate that the tests could be performed repeatedly, and the results of different testing coefficients are separated, which indicates that dynamic compression tests could be used as the pebble DEM model calibration method. The laying thickness and pressing plate velocity are the critical factors that are relevant to the testing results. Considering the simulation time and the stability of the testing results, the laying depth and pressing plate velocity were set to 0.0885 m and 200 mm/min.
B. DEM SIMULATION OF DYNAMIC COMPRESSION TESTS 1) CALIBRATION OF THE PEBBLE DEM MODEL PARAMETERS
A DEM simulation of dynamic compression tests was conducted, and the simulation is described hereafter. A container DEM model was built with wall elements, and the container size was the same as that described in the compression tests. The container DEM model is shown in Fig. 16 .
Based on the ''rainfall method [15] '', the simplified pebble DEM models detailed in the previous sections were dropped into the container DEM model. First, the pebble DEM models were placed floating in the air. The pebble numbers(length × width × height were 13 × 9 × 96), and the displacement between the pebbles was set to 0.03 m. During the simulation process, with a ''rand'' order, the type and orientation of the pebble DEM models were randomly selected. The results are shown in Fig. 17(a) . Second, through a ''gravity'' command, the pebble DEM models were dropped into the container, and the process is shown in Fig. 17(b)-(d) .
In the simulation process, contacts on the pebble DEM model were considered collectively. The contact forces contain both normal and shear contact forces. Third, with a ''clump del'' command, a few pebbles that were above 0.0885 m in the vertical direction were deleted, and the results are shown in Fig. 17(e) .
The pressing plate DEM model was built with a ''wall create'' command, and the plate size was the same as that described in the compression tests. Through a ''wall attribute velocity'' command, the pressing plate was given a fixed velocity of 200 mm/min. During the simulation process, signals from the displacement and contact forces of the pressing plate were recorded. This paper selected the elastic linear contact model as the basic contact model of the pebbles. The corresponding parameters were set as follows. The pebble density was measured as 2777 kg/m 3 with the drainage method. The shear and normal stiffness of the contacted elements were set to 1e8 N/m and 1e8 N/m, respectively [41] . The damping coefficient was set to the default value of 0.7; this value was also used in [42] , [43] , wherein simulations were performed on rigid rocks that are similar to the tested pebbles. The number of ball elements and the porosity of the pebbles were calculated as 39310 and 32.5%, respectively. The friction coefficient is a critical parameter that greatly affects the bearing characteristics of the pebbles. Based on the compression test results, the friction coefficient was calibrated. During the simulation process, the laying depth and pressing plate velocity were set to 0.0885 m and 200 mm/min, respectively, and the friction coefficients were set to 0.15, 0.25, 0.35, and 0.45. The simulation results of different friction coefficients are shown in Fig. 18 .
The results show that within 9.04% strain, the contact forces can be divided into two stages. The first stage is from 0-2.26% strain; with friction coefficients of 0.15, 0.25, 0.35 and 0.45, the contact forces increased to 2.23 N, 15.69 N, 38.95 N and 96.43 N, respectively. The second stage is from 2.26%-9.04% strain; with friction coefficients of 0.15, 0.25, 0.35 and 0.45, the contact forces increased linearly to 61.12 N, 190.1 N, 668.5 N and 1705 N, respectively. The results indicate that the friction coefficient is a critical factor that affects the simulation results. With an increase in the friction coefficient, the slope of the contact forces simultaneously increases.
Based on the compression test results, the friction coefficient was set to 0.45. Next, repeated simulations were conducted, and the pebbles were regenerated with random pebble types and angles. The results are shown in Fig. 19 . The results indicate that although there were burrs in the simulation results, the curves for the repeated results satisfactorily fit the testing results. The results verified the proposed pebble DEM model parameters.
2) STATISTICAL ANALYSIS OF THE COMPRESSION TEST RESULTS
The evolutions of the pebble velocity and the pebble force chain at different strain levels are shown in Fig. 20 and Fig. 21 , respectively. In the compression process, the largest part of the contact force chain, which is radially shaped, mainly lies under the pressing plate. Next, statistical analysis of the contact force chain was conducted, and the probability density distribution of the normalized normal contact forces, shear contact forces, contact forces, and maximum contact forces are shown in Fig. 22 .
The results show that with an increase in the contact force chain, the probability density distribution of the normal contact forces, shear contact forces, contact forces, and maximum contact forces correspondingly decreased. As the distribution of the contact forces was uneven, the force distribution did not fit the experimental distribution, which was used for hopper discharge analysis and uniaxial compression tests [44] . The results of the randomly shaped pebbles were similar to a power law distribution in Eq. 26.
where F_N is the normalized contact forces. The coefficients of a and b, and the corresponding root mean square error (RMSE) were calculated, and the results are shown in Tab. 3.
The results show that the contact forces are mainly determined by the normal contact forces. With an increase in the strain level, the average contact forces correspondingly increased. However, there was a minor decrease in the probability distribution of the normalized contact forces. The reason for this phenomenon mainly lies in the following aspects. (1) With an increase in the strain level, the force chain under the pressing plate increases greatly, and this part was mainly used to deliver the contact forces. (2) Most of the tested pebbles were placed away from the pressing plate. The condition of these pebbles was correspondingly stable, which could also be seen from the evolution of the pebble velocity. This part was used to suspend the contact capability of the pebbles. (3) With an increase in the strain level, the deviation between these two parts correspondingly increased, and the probability distribution of the contact forces correspondingly decreased.
The maximum contact force is one of the critical factors that affect the crushing of pebbles [45] . With an increase in the pressing plate displacement, the maximum contact force on each pebble was recorded. Fig. 23 shows the relationship between the average contact forces F p_ave and average maximum contact forces F p_ max . Here, the relationship is similar to a linear growth. The fitting equation is shown in Eq. 27. The root mean square value and the coefficient of determination are calculated as 1.7274 and 0.9998.
Next, the maximum contact forces in the cluster of pebbles were analysed. Fig. 24 shows the maximum contact forces under different strain levels. The results can be divided into two stages: the first stage is from 0.56%-5.84% strain, wherein the corresponding maximum forces increase from 72.48 N to 85.5 N. The second stage is from 6.03%-9.23% strain, wherein the maximum contact forces increase from 91.54 N to 281.8 N. The results indicate that during the first stage, the maximum contact forces lie in the pebbles near the bottom of the box, with an increase in the strain level, the maximum contact forces transferred to the pebbles near the bottom of the pressing plate. Pebble crushing occurred near the pressing plate. Fig. 25 shows the relationship between the contact forces on the pressing plate F plate and the maximum contact forces in the cluster of pebbles in the second stage2 F c_ max . The results are similar to a linear growth. The fitting equation is shown in Eq. 28. The root mean square value and the coefficient of determination are calculated as 26.4527 and 0.795.
The fitting results could be further used to analyse the relationship between truckload and pebble crushing. 
V. SIMULATION RESULTS OF DIFFERENT PRESSING PLATE VELOCITIES AND PEBBLE SHAPES
Based on the proposed pebble DEM model, compression tests were simulated with different pressing plate velocities and pebble shapes.
A. SIMULATION RESULTS OF DIFFERENT PRESSING PLATE VELOCITIES
Based on the proposed pebble DEM model, compression tests of different pressing plate velocities were simulated. During the simulation process, the laying depth was set to 0.0885 m, and the pressing plate velocities were set to 133.3 mm/min, 200.0 mm/min, 266.7 mm/min, 333.3 mm/min and 400 mm/min. The results are shown in Fig. 26 .
The results show that within 9.04% strain, the contact forces can be divided into two stages. The first stage is from 0-2.26% strain; with pressing plate velocities of 133.3 mm/min, 200 mm/min, 266.6 mm/min, 333.3 mm/min and 400 mm/min, the contact forces increased to 96.76 N, 117.8 N, 97.07 N, 122.1 N and 141.3 N, respectively. The second stage is from 2.26%-9.04% strain, with pressing plate The results indicate that the pressing plate velocity had minor effects on the pressing plate contact forces, and as the pressing plate velocity increased, the slope of the contact forces simultaneously increased.
B. SIMULATION RESULTS OF DIFFERENT PEBBLE SHAPES
Next, simulations were conducted with the ball element construction method were conducted, wherein the diameters of the ball elements were set to 11.82 mm. During the simulation process, the laying depth and pressing plate velocity were set to 0.0885 m and 200 mm/min. The simulation results are shown in Fig. 27 .
Simulation3 shows the results of the pebble shape construction method, and Simulation4 shows the results of the basic ball element construction method. The results show that within 9.04% strain, the contact forces can be divided into two stages. The first stage is from 0-2.26% strain, wherein the contact forces of Test 3 and Test 4 increased to 31.28 N and 104.5 N, respectively. The second stage is from 2.26%-9.04% strain,, wherein the contact forces of Test 3 and Test 4 increased to 72.27 N and 1591 N, respectively. The results indicate that with the same preset pebble DEM model parameters, the results of the two methods varied greatly. In further studies with different pebble DEM model shape construction methods, the pebble DEM model parameters need to be recalibrated.
VI. CONCLUSION
In this study, a pebble DEM model shape reconstruction method was proposed, and dynamic compression tests were used to calibrate the critical microscopic parameters of the pebble DEM model. Based on the built pebble DEM model, simulations were conducted with different pressing plate velocities and pebble shapes. Within the limitations of the study, the following conclusions can be drawn:
(1) A pebble shape reconstruction method was proposed based on the outlines of pebbles that were randomly selected from a truck escape ramp. A comparison between the constructed pebbles and the three views of the real pebbles verified the feasibility of the construction method. Next, a database that consists of 10000 values of the parameters was built, and the distribution of the values was in agreement with the fitting results. Based on the database, randomly shaped pebble DEM models could be constructed.
(2) This paper selected dynamic compression tests to calibrate the pebble DEM model microscopic parameters. First, repeated test results indicated that the compression tests were repeatable, which indicated that the calibration methods were trustworthy. Second, simulation results of different friction coefficients were separated, and repeated simulation results verified the feasibility of the calibrated pebble DEM model parameters.
(3) Statistical analysis of the contact force chain was conducted, and the results indicated that as the strain level increased, the average contact forces correspondingly increased. However, as the strain level increased, there was a minor decrease in the probability distribution of the normalized contact forces. The relationship between the contact forces on the pressing plate and the maximum contact forces was analysed, and the fitting results could be further used in the analysis of the relationship between truckloads and pebble crushing.
(4) Simulation results of different pressing plate velocities and pebble shapes indicated that pressing plate velocities had minor effects on the contact forces. As the pressing plate velocity increased, the slope of the contact forces correspondingly increased. The particle shape greatly affected the simulation results. With the same contact parameters, the simulation results of different pebble shapes varied greatly, which further indicated the importance of the proposed pebble shape reconstruction method.
However, considering the computational amount, this paper selected simplified pebble DEM models to calibrate the pebble microscopic parameters. Further research will concentrate on pebble DEM models with smoother and more accurate outlines.
